The reproducibility of the regional distribution of ventilation and the timing of onset of regional filling as measured by electrical impedance tomography lacks evidence. This study investigated whether electrical impedance tomography measurements in healthy males were reproducible when electrodes were replaced between measurements. Part 1: Recordings of five volunteers lying supine were made using electrical impedance tomography and a pneumotachometer. Measurements were repeated at least three hours later. Skin marking ensured accurate replacement of electrodes. No stabilisation period was allowed. Part 2: Electrical impedance tomography recordings of ten volunteers; a 15 minute stabilisation period, extra skin markings, and time-averaging were incorporated to improve the reproducibility. Reproducibility was determined using the Bland-Altman method. To judge the transferability of the limits of agreement, a Pearson correlation was used for electrical impedance tomography tidal variation and tidal volume. Tidal variation was judged to be reproducible due to the significant correlation between tidal variation and tidal volume (r 2 = 0.93). The ventilation distribution was not reproducible. A stabilisation period, extra skin markings and time-averaging did not improve the outcome. The timing of regional onset of filling was reproducible and could prove clinically valuable. The reproducibility of the tidal variation indicates that non-reproducibility of the ventilation distribution was probably a biological difference and not measurement error. Other causes of variability such as electrode placement variability or lack of stabilisation when accounted for did not improve the reproducibility of the ventilation distribution.
Introduction
Electrical impedance tomography (EIT) is a non-radiological, real-time technique of generating cross-sectional images of ventilation at the bedside [1] [2] [3] [4] . Within the thorax, changing volumes of air alter lung tissue impedance from which the tidal variation of impedance can be calculated 1, [4] [5] [6] . It is proposed that EIT can be used to guide mechanical ventilation, especially during a recruitment manoeuvre 5, [7] [8] [9] [10] . Four methods for monitoring recruitment manoeuvres have been proposed 5 : 1. Using changes in end-expiratory lung impedance (EELI) [10] [11] [12] [13] , 2. measuring pressure-impedance curves 14 , 3. measuring changes in regional tidal variation of impedance either as a raw measure or as a percentage of the global tidal variation of impedance 8, 9, 15 , 4. measurement of the asynchronous onset of filling of regional ventilation [16] [17] [18] [19] . Despite mounting evidence as to the clinical usefulness of EIT, further work on some basic issues is still required 4 . There is minimal evidence regarding the reproducibility of EIT when the measuring device is fully removed from subjects between recordings 4, 20, 21 . None of the previous investigations assessed the reproducibility of EELI, regional tidal variation of impedance expressed as a percentage of the global variation of impedance (RDv), or regional onset of filling 4, 20, 21 . Nor did these investigations allow any time for stabilisation of regional distribution of ventilation 4, 21, 22 . Unfortunately EELI can only be used to accurately guide ventilation if the measuring device has not been removed from the subject between readings 5, 6, 23, 24 . The aim of this observational study was to establish the reproducibility of the: 1. global tidal variation of impedance (EITTV), 2.RDv, 3. regional onset of filling using information readily available from the onscreen display of the EIT device. A pilot study was performed which deliberately excluded a stabilisation period for the EITTV and RDv. This pilot study informed the design of a second study that included a stabilisation period and investigated EITTV, RDv and the regional onset of filling.
Materials and methods
Both studies had ethical approval from both The Prince Charles Hospital's (EC2828) and University of Queensland's (2008000916) Human Research Ethics Committees.
Part 1-Without a stabilisation period

Patients
Informed consent was obtained from six healthy male volunteers of average age 35.4 years.
Participants were excluded if any of the following were present: implanted cardiac devices, smoking history, cardiorespiratory disease history, diabetes or chronic fatigue syndrome 25 . Other causes for exclusion were an inability to tolerate the mask (e.g. claustrophobia) and chest circumference less than 70 cm or greater than 150 cm (the EIT belts are configured to chest sizes within these limits).
Materials and data collection
To compare actual tidal volumes (Vt) to the EITTV, a respiratory mechanics monitor/pneumotachometer (Ventrak Model 1550, Novametrix Medical Systems, Wallingford, CT, USA) via a flow sensor (Model 7222 N, Novametrix Medical Systems, Wallingford, CT, USA) recorded the Vt. This established the reasonable limits of agreement for the EITTV.
EIT was recorded using the Draeger Medical EIT Evaluation Kit 2 (Lübeck, Germany) with the frame rate set at 10 Hz, the baseline set at minimum, and file size at two minutes to record a single file.
As electrode placement variation may have had an effect on the EIT signal 4 , this was controlled by marking the skin with a pen at electrodes one, eight, nine and sixteen to ensure identical placement for the second set of recordings. The electrode belt was placed at the level of the fourth to sixth intercostal space.
The participants were placed in the supine position. Electrode contact and signal quality were checked. After the subject was comfortable, a two minute recording was made on both the EIT evaluation device and the pneumotachometer.
After the initial recording the subjects took five full vital capacity breaths, five medium-sized breaths, and then breathed quietly for the remainder of a second two minute recording using both the EIT evaluation device and the pneumotachometer. This recording was used to assess the correlation between Vt and EITTV 26 . Recordings were performed in the morning and then repeated that afternoon with at least three hours between recordings. As subjects can be trained to reproduce constant Vt 27, 28 , they were blinded to the screens of both the EIT evaluation device and the pneumotachometer. All recordings were by the first or the third author.
Data from the EIT evaluation device was saved directly on the device, and then transferred to a laptop computer for analysis using the Draeger Data Review Software (version 5.1) which automatically calculates tidal variations and raw EIT scores globally and within regions of interest.
The data from the respiratory mechanics monitor was saved directly using Microsoft Excel® spreadsheet software (Microsoft Corporation, Redmond, WA, USA).
Statistical analysis
The correlation between Vt and EITTV was performed using a Pearson correlation (SPSS 15, IBM Corporation, Somers, NY, USA). This correlation was not used to judge agreement, but to judge the transferability of the limits of agreement between the recorded Vt and the EITTV.
The Bland-Altman method for repeated measures from the same subject 29 was used to demonstrate the agreement between the morning to afternoon readings for: 1. Vt, 2. EITTV, 3. the regional distribution of ventilation (RDv) in four regions: a. regional distribution anterior (RDA), b. regional distribution posterior (RDP), c. regional distribution left (RDL), d. regional distribution right (RDR). All data were analysed on a breath-by-breath basis. Figure  1 illustrates how the respective regional distributions were calculated.
Part 2-With a stabilisation period
Patients
Informed consent was gained from ten healthy male volunteers with an average age 31.5 years. The pneumotachometer was not required for this part of the study, so there was no need to exclude subjects for inability to tolerate the mask. All other exclusions for this part of the study were the same as for Part 1.
Materials and data collection
EIT was recorded in the same manner as Part 1 of the study.
The electrode belt was positioned as in the first part of the study. Skin markings were made at the same positions as in the first study and at electrodes four, five, twelve and thirteen to better ensure identical electrode placement upon reattachment.
After placing the subject supine a 15-minute stabilisation period for RDv was allowed before recording a two minute EIT file.
Recordings were made in the morning and then repeated that afternoon with at least three hours between recordings.
Subjects were blinded from the EIT measuring device screen. All recordings were made by the first or the third author.
The EIT data was stored as per the first part of the study. In addition to the calculation of the RDv, the timing of onset of regional filling was determined using the time stamping facility of the data review software.
Statistical analysis
The Bland-Altman method for subjects with repeated measures 29 was used to demonstrate the limits of agreement of the EIT readings from the two time periods for the: 1. EITTV, 2. RDv in the same four regions as the first part of the study, 3. regional onset of filling in the same four regions as the first part of the study. The EITTV was analysed on a breath-by-breath basis. Due to variability between breaths the EITTV was also analysed using a time-averaged result, calculated by the average of all the breaths taken in one minute and updated on a breath-bybreath basis. The RDv is only reported in the time-averaged manner. The regional onset of filling is calculated in relation to the global onset of filling, and is reported only in the timeaveraged format.
Results
Part 1-Without a stabilisation period
One of the six subjects was excluded as they could not tolerate the mask.
Correlation Between Vt and EITTV
A highly significant correlation existed between EITTV and Vt, P <0.001 with r = 0.96 and r 2 = 0.93.
Reproducibility
The Bland-Altman plot ( Figure 2 ) demonstrated agreement in the EITTV recordings between the two measurement times, with some subject-specific differences. However, these differences were balanced, and the general spread of differences was randomly spread around the zero line of agreement making the limits of agreement acceptable.
There was agreement in the recordings of Vt (Figure 3 ). The Bland-Altman plot for Vt has a similar pattern as the EITTV plot, although with less pronounced subject-specific differences between the two measurement times (Figure 3) .
The strong and highly significant correlation between EITTV and Vt was used to determine the limits of agreement of the EITTV by comparing the limits of agreement expressed as a percentage of the overall mean for EITTV and Vt (Table 1) .
The RDP and RDA combined make up the EITTV, so the plot of the RDP would be a mirror image of the RDA. Therefore, only the RDP is presented (Figure 4 ). There was no agreement in four of the five individual subject measurements as indicated by individual clusters above or below the zero line. The mean difference for all of the measures was very close to zero (Table 1) , indicating a lack of systematic bias. RDL and RDR are also mirror images, so only the RDL is presented ( Figure 5 ). The clustering of individual subjects' measurements above and below the zero line indicated no agreement. The overall mean difference is less than two percent and indicated no systematic bias (Table 1) . However, the Bland-Altman limits of agreement were quite wide for all measurements (Table 1) . Despite no overall systematic bias, the RDL demonstrated poor agreement. was close to zero, indicating no systematic bias and demonstrating reasonable overall agreement. Six subjects clustered either above or below the zero line indicating a poor agreement of the time-averaged RDv in an anterior to posterior distribution ( Figure 8 ). The time-averaged RDL shown in Figure 9 demonstrated one subject with agreement of the RDL; the remaining subjects demonstrated a lower morning reading. The overall mean difference demonstrated a systematic lower reading in the morning, so there was a lack of agreement for both individual subjects and the group in the left-right regions.
Part 2-With a stabilisation period
The onset of filling for the posterior region ( Figure 10 ) shows all subjects clustered around the zero line. There was no systematic bias with individuals spanning the zero line indicating good agreement for the group and all subjects.
The onset of filling of the left region demonstrates a similar degree of agreement for both the group and individuals ( Figure 11 ).
Discussion
This study is the first to examine the reproducibility of EIT parameters such as RDv and the timing of onset of filling in healthy individuals. These parameters are thought to be useful in guiding recruitment manoeuvres in mechanically ventilated patients 5 .
The strong correlation between EITTV and Vt demonstrated here concurs with existing research 26, 30 . It is important to note that EITTV is not a measure of Vt but a cross-sectional
The EITTV with a stabilisation period using a breath-bybreath analysis is shown in Figure 6 . There was a wide variability between individual subjects' breaths, but all subjects had breaths both above and below the zero line giving a reasonable agreement for all subjects. However, when the EITTV was time-averaged the subjects' results became more tightly clustered ( Figure 7) . The EITTV of all subjects were in agreement but one (Subject 7). The time-averaged EITTV from Subject 7 clusters two standard deviations below the zero line. This means that Subject 7's EITTV, and thus Vt, are not the same size between readings. Thus Subject 7 was excluded from the remainder of the results as different size Vt can alter the RDv the regional tidal variation of impedance was reproducible 26 . However, this study used a repeated measure analysis of variance (ANOVA) to assess reproducibility instead of the recommended Bland-Altman method, and the electrodes were left in situ between measurements 29, 37, 38 . A more recent study demonstrated good reproducibility of the regional tidal variation of impedance expressed as a raw impedance measure using 16 small regions of interest 4 . The current study used two regions of interest in two different planes to calculate the regional variation of impedance expressed as a percentage of the global variation of impedance. Whilst this has been demonstrated to be clinically applicable 15 , the results of this study suggest that when using the RDv that knowledge of the normal range of the RDv is essential for clinical use. This is the first study to date to investigate the reproducibility of the timing of onset of filling of regions of interest. This parameter of EIT which has been used to guide ventilation [16] [17] [18] [19] proved to be highly reproducible. This study used a raw measure of timing as did one previous study 17 , whilst the others use measures that account for variability in lengths of breaths such as phase lag or time constants 16, 18, 19 . Nonetheless the highly reproducible nature of the timing of onset of filling indicates that this parameter may be most useful in guiding ventilation.
Limitations
This study only had a small number of spontaneously breathing healthy subjects without positive pressure. However, the study has implications for those wishing to utilise EIT parameters such as EITTV, RDv and the regional timing of the onset of filling to guide ventilation, especially if the aim of mechanical ventilation is to mimic normal spontaneous ventilation.
In addition the study did not measure the accuracy of electrode replacement, but simply used a pragmatic approach of skin marking to replace electrodes. This approach was felt to be reflective of clinical practice.
Conclusion
This study has demonstrated that EIT is repeatable when measuring tidal variations in impedance albeit with a wide limits of agreement. To account for the wide limits of agreement the concept of time-averaging was employed resulting in greater clustering of the EITTV indicating less variability in the minute averaged data.
The RDv demonstrated discordance between morning and afternoon measurements. The possible technical reasons for this include lack of control in electrode placement to control for RDP and RDA, and the lack of standardised time in the supine position prior to recording. Both these possibilities were discounted by Part 2 of the study.
The lack of agreement between RDv readings might be measure of impedance changes associated with changes in air or liquid volume within the lung 26 . Changes in Vt are reflected in the EITTV, meaning that changes in EITTV would predict changes in Vt.
We demonstrated that the EITTV and Vt measures were reproducible within similar limits of agreement. These limits of agreement for EITTV were determined by comparing the limits of agreement expressed as a percentage of EITTV and tidal volume ( Table 1 ). The strong correlation between Vt and EITTV supports the validity of this comparison.
The wideness of the limits of agreement (Table 1) indicates that Vt and EITTV may not be suitable for monitoring minor changes in patients. However, minor changes in Vt or EITTV may not be clinically important. Indeed, it has been shown that human ventilation is biologically variable in nature 31 .
Other modes of physiological monitoring, such as pulse oximetry, have successfully employed time-averaging of data to account for biological variability [32] [33] [34] [35] . Part 2 of this study employed time-averaging of one minute updated breath-bybreath to account for the variability of EITTV and resulted in closer clustering of the EITTV.
Despite there being agreement for both Vt and EITTV (albeit with wide limits of agreement between morning and afternoon), there was poor agreement in all areas of RDv of Part 1 of the study. This finding was surprising as lung volumes have been shown to affect RDv 28 , and as such it was expected that RDv would reflect the agreement of EITTV and Vt.
During Part 1 to avoid variances in electrode placement, which may cause small changes in the RDv 4 , each subject had their skin marked at electrodes 1, 8, 9, and 16. Unfortunately this would only control for variances from RDR and RDL. By neglecting to mark between electrodes 4, 5, 12, and 13 it is possible that variations in RDP and RDA might be due to variance in electrode position. In Part 2 of the study additional marking of electrode placements accounted for the oversight in Part 1, but did not improve the agreement in any of the regions for RDv.
Another potential source for the variability in the RDv was the lack of a standardised stabilisation period in the supine position prior to recording data in Part 1. Stabilisation of the RDv as measured by EIT has been demonstrated to occur at 15 minutes 25 . Despite Part 2 of the study using a 15 minute stabilisation period, all of the different regions failed to demonstrate agreement in the RDv.
Having accounted for error as a result of electrode placement and the lack of a stabilisation period, what possible explanation accounts for the lack of agreement in the RDv? The answer may be found in an investigation using EIT which demonstrated fluctuations in the RDv during single continuous ten minute recordings 36 . The lack of agreement of the RDv might be because the RDv is fractal or biologically variable in spontaneously breathing healthy individuals 36 . In contrast to our findings, one animal study reported that due to the biologically variable nature of spontaneous ventilation 36 . Knowledge of the normal range of RDv would then be necessary to make the RDv a useful clinical tool to guide ventilation.
The timing of onset of filling was highly reproducible and may therefore be a very useful clinical tool in guiding ventilation.
Key Messages
• In spontaneously breathing healthy young males EITTV was reproducible when the electrodes were removed between measurements and the electrodes replaced guided by skin markings to ensure the electrodes were in the same locations.
• The strong correlation between Vt and EITTV previously demonstrated was confirmed.
• There was discordance in the RDv between the two time periods.
• The discordance in the RDv between measurements might be biological and not due to measurement error.
• The timing of onset of filling was highly reproducible across all regions suggesting that this parameter may be useful in guiding ventilation.
